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Two neutron counters employing liquid scintillators have been 
used to detect neutrons of 70 to 170 Fev energy. One counter was 
a cylinder twelve inches long by four inches in diameter. It was 
used to obtain angular distributions of energetic neutrons. The 
other counter was in the shape of a dish five inches thick with a 
diameter of twenty two to thirty two inches. It was used in ex- 
periments where large solid angle coverage was desired. 

Both counters were studied experimentally in detail. The 
photodisintegration of the deuteron was used as a (nonoergic) 
source of neutrons to investigate the behavior of the counters. 

The angular resolution and efficiency of the counters were deter- 
mined as a function of neutron energy, geometry, target thickness and 
position, neutron bias energy, lead shielding, and neutron counter size. 

A method of theoretical analysis of the above factors is developed. 
The experimental results are compared with those from theoretical cal- 
culations. From the agreement obtained, the behavior of the small 
counter seems to be very well understood. The values of absolute 
efficiency calculated for the large counter are not in complete agree- 
ment with those obtained experimentally. Reasonable assumptions con- 
cerning the cause of these discrepancies are advanced which lead to 
a qualitative agreement. 

A survey of alternate ncthods of high energy neutron detection 
is included. 
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I. INTRODUCTION 



Investigations of high Lncrgy Photo-Proton reduction by 325 Lev 

Brcasstrahlung fladiation by v eld ct al end Neutrons in Coincidence vith 

2 

High Energy Photoprotons by II. Meyers et al have been conducted at the 
M.I.T. Synchrotron Laboratory. Similar experiments have been undertaken 

3 

at other laboratories. These investigations indicated that there was 
substantial evidence that the process involved in photoproton production 
was the photodisintegration o'’ neutron-proton pairs, i.e. douteron-like 

u 

subunits in the nucleus as proposed by Lcvinger. further investigation 

5 

was deemed warranted and has indicated this to bo the case. 

Inasmuch as the high energy neutron detectors under discussion in 
this paper were employed in the latter investigations, a brie 0 outline 
of the experiment would seen to be in order. 

Targets of various nuclei were placed in the brcnsstrahlung beam 
of the M.I.T. synchrotron. As the process being investigated is essent- 
ially a two body problem one observes this by detecting a neutron and 
proton in coincidence possessing the proper kinematic relationships. 

The proton telescope consisting of three plastic (Pilot Co.) scintill- 
ators and appropriate energy absorbers was placed at a desired angle. 

The electronics was biased to accept protons of a narrow energy spread 
( + 12.5 M»v) about some selected proton energy. (For details concerning 
the proton telescope and techniques see references 1 and 5.) A neutron 
detector was placed at an angle appropriate to the energy and angle of 
the proton telescope. The signals from the proton telescope and the 
neutron detector were then fed through a fast coincidence circuit. 
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For a given proton angle, proton energy, neutron angle ard "t ray 
energy, the problem of the photodisintegration of a deuteron is 
kinematically overde term ined . One observes neutron-proton coin- 
cidences over a small range of angles of the neutron counter. The 
spread in angle is a measure of the initial momenta o f ' the nucleons 
involved. A series of experiments was und rtaken to study the process 
further and to employ the process as a tool. Specifically it ras 
desired to compare the momentum of nucleons in various nuclei ♦. 

These are experiments in which one gains additional information 
from absolute values 3 therefore a thorough understanding of all the 
factors effecting the operation and effociency of the neutron d tect- 
ing equipment was essential. This thesis is an experimental and 
theoretical study of the neutron counters employed. 

A snail neutron counter, 'TLittle neat", was used to obtain 
angular distributions and a large counter, referred to as ,r7 S" or 
the "flying Saucer u , w-rs used to obtain the integral values for total 
n+p events. Tho large counter is studied in detail in section III, 
theoretical calculations are compared with experimental results. Tho 
small counter is studied in section IV. Section II contains a general 
review of the types of instruments available for the detection of fast 
neutrons. Comments on the adaptability of these methods to the present 
n+p experiment are made and summarized in paragraph II, f. 
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II. DESCRIPTION OP TYPES OP NEUTRON DETECTORS 

A. General 

Since fast neutrons themselves produce only negligible 
ionisation directly, their detection is dependent on their inter- 
action with bodies whose effects can be detected. Usually this 
interaction consists of transferring all or part of the neutron 
energy to charged particles, chiefly the lighter nuclei, which 
may then bo detected by their ionisation. Since the cross section 

(total) for neutron interactions is in general snail and a docreas- 

6,7 

ing function of neutron energy (10< ^ <200 I'ev), efficient 

detection of high energy neutrons is dependent on the incident neut- 
ron being confronted with a large number of nuclei with which to 
interact arid whose interactions can be detected in the laboratory. 

B. Ionisation Chambers and Proportional Counters 

These instruments have been employed with success as detectors 
of $ rays and are readily adaptable to the detection of neutrons 
since many of the problems involved in both types of detection are 
similar. These instruments measure the amount of ionization pro- 
duced in a gaseous volume by the passage of charged particles. To 

detect fast neutrons they are usually filled with a hydrogenous gas 
8 >? 

under pressure. The ion3 formed by the recoil protons are collected 
and measured. Since the mean path for neutrons of —100 !'ev in a 
medium of such low density is very large in comparison with the 
limits of physical size of any practical detector, these instruments 
are inhorently of low efficiency for fast neutrons. Efficiencies of 
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the order of 10% have been possible with low energy neutrons (2.3 Hev), 
electron collection tines are one microsecond. Efficiency of neutrons 



Efficiencies of these instruments have been increased, at the 
expense of greater ion collection times ('v seconds), by the use of 
insulating liquids such as hexene end dccane under field strengths of 



up to 1000 volts/cm. Thin hydrogenous targets can be placed in front 
of or inside of these counters to increase the probability of a recoil 



Because of their low efficiencies for fast neutrons and relatively 
slow response time for fast coincidence work such detectors were not 
employed in these experiments. 

C. Cloud Chambers end Photographic Emulsions 
These instruments are mentioned only briefly for completeness 
as they are not efficiently adaptable to coincidence work. Cloud 



chambers utilising a hydrogen atmosphere have been employed to de- 
tect and measure the energy of neutrons of <1 Hev. If the direction 
of the incident neutron is known, its energy can be directly obtained 
from the length and direction of the recoil proton. In an analogous 
fashion photographic plates loaded with a hydrogenous material have 
been used to measure proton recoils employing standard plate techniques. 
Photographic plates loaded with various nuclei that possess threshold 
energies for neutron reactions can be used to detect and give minimum 
energies of neutrons. Koepln and Roberts havo utilised the reaction 
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~100 Hev is reduced to the order of 10- 



10 
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proton 
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neutrons of greater than 10 Kev. 

D. Fission Chambers 

Uranium fission chanbers have been used with success to detect 
neutrons in the range <L15 I-Iev. Sate workers have employed bis- 
muth fission chambers for neutron energies < $0 Hw« The efficiency 
of such detectors is normally about 10~^ or less. 

£. Scintillation Detectors 

1. Genoral 

Scintillation counters have supplanted most other types of 
counters for detecting all kinds of radiations. Some transparent 
condensed material that is capable of producing observable light 
pulses following internal ionization is used. These light pulses 
arc detected and amplified by means of photomultiplier tubes. Neu- 
trons are detected by observing recoiling charged particles. 

2. Types of Scintillation Detectors 
a. Organic Crystals 

Organic crystals such as anthracene and etilbere have been 
used to detect neutrons by means of light pulses produced by recoil- 
ing protons. The crystals are very transparent and produce relatively 
largo light pulses. In practice, the high cost and the manufacturing 
difficulties incident to making high grade crystals of large enough 
size for high energy neutron work limit their use in the laboratory 
for this purpose. 

The never plastic scintillators could conceivably be used in 
this manner. They are expensive in large sizes. 
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b. Liquid Scintillators 

The relative merits of various licuid organic ccmoounds when 

16 

used as scintillating media have been treasured. Neutron detection is 
accomplished as before by observing the light pulses produced by re- 
coiling protons. The light output per ’unit energy loss in the scin- 
tillator is somewhat less for tl e liquid scintillators than for the 
crystals? however, they are readily available fron commercial sources 
at relatively low cost, very transparent, and can be contained in a 
detector of arbitrary size and shape. The liquid scintillators apoear 
to be the most advantageous for high energy neutron detection as their 
transparency allows good light collection even when the counter size 

is cctnensurate with the mean path for fast neutrons. Their fast 

17 

response facilitates coincidence work and allows the use of high 
absolute counting rates. 

3. Scintillation Counters and Determination of Neutron 

Energy 

a. Analysis of Recoil Proton Spectrum 
If the relationship between '.he amount o'" light produced in 
the scintillator were linear with the energy loss of the recoiling 
proton, the proton spectrum yielded by monoergic neutrons would be 
flat from zero out to the energy of the incident neutrons. This 
assumes isotropic n-p scattering, xhe neutron spectrum would simply 
be the derivative of this spectrum, i.e., a spike at E^, In general, 
the derivative of the proton spectrum would yield the neutron spect- 
rum for purely recoil events. 
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Unfortunately the relationship between light output and proton 

energy loss is not linear at low proton energies and must be taken 

10 

into account. The theoretical curves of Birks, which are in general 

19 

agreement with the data of Taylor et al, give this relationship. These 
curves, which are for anthracene, are assumed here to apply to the other 
organic scintillators in the non-linear region below 15 l'ev. 

Another difficulty in the analysis of the proton pulse spectrum 
is that at high neutron energies **90 Kev, energetic protons and other 
charged particles are ejected from the carbon nuclei present in the 
liquid (i.c. one observes stars and spallation). At these energies, 
the cross section for such contributions from the carbon is commen- 
surate with and may be greater than the cross section for n-p 
20,21 

scattering. 

A further complication in the analysis of the recoil proton 

spectrum is that the n-p scattering can no longer be considered to 

be simply s wave scattering (isotropic) at neutron energies in excess 

of IL. Mev. Data concerning the anisotropy of n-p scattering at neu- 

22 

tron energies of k0,90 and 260 I lev is given by Kelly et al. 

The analysis of the recoil proton spectrum to obtain the in- 
cident neutron spectrum is difficult to do analytically. The problem 

23, 2U 

is amenable to numerical methods, such as the Konte Carlo technique, 
if one merely wishes to verify an assumed neutron spectrum. 
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b. Utilization of N-P Scattering 

(l) Neutron- Proton Coincidence Telescope 

Several methods for measuring neutron energies are based on 

the kinematics of neutron-proton collisions. The neutron-proton 

telescope is one such method in which the neutrons to be detected 

are incident on an organic crystal which serves as an n-p scatterer 

and as a proton detector. A neutron detector is placed at a certain 

angle, coincidences between the neutron and proton counters define 

the angle of scattering and the pulse height of proton recoil yields 

the neutron energy directly. To keep the energy spread small, the 

angle of scattering must be well defined, thus this instrument is of 

low efficiency due to solid angle effects and the small n-p scattering 

cross section at high neutron energies. The latter factor is doubly 

weighted in view of the stringent conditions imposed on the incident 

neutron for detection. Namely that two separate neutron events occur, 

n-p scattering into a finite solid angle by the crystal and finally 

detection of the scattered neutron in the neutron counter. It3 use 

2b' 

has been successfully reported for neutrons up to lh Her. 

(2) w Thin 11 Proton Radiator and Proton Telescope 

A second method of neutron energy determination employs a thin 

hydrogeneous radiator. Incident neutrons scatter protons forward into 

26 

a proton telescope, such as the one used in this experiment. The pro- 
ton energy can be accurately measured. However, consideration of the 
conditions imposed on the thickness of the radiator and the solid 
angles 3 how that it would be of low efficiency. 
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An energy determination requires that only a small portion of 
the energy of the recoil protons originating in the radiator be loot 
in the radiator. Since the cross section for n-p scattering at high 
neutron energies is snail, a thin radiator leads to a low probability 
that a recoil proton would be produced. 

In order to have fairly monoergic recoils the proton nust be 
scattered into a small solid angle. The small solid angle is another 
large factor in lowering the efficiency of such an instrument. 

c. Neutron Detectors Based on the Total Absorbtion Principle 

These instruments measure the total ionisation produced as a high 

energy neutron is degraded in energy by successive scatterings in a 

large volume liquid scintillation detector, ihe pulses from individual 

scatterings are summed and are taken as an indication of the incident 

neutron energy. To insure that the neutron has given up all its energy 

to the scintillating liquid, the liquid is loaded with some material 

that has a very high cross section for thermal a’osorbtion of neutrons 

and which gives off an energetic t ray (or other ionizing event) during 

the capture process. Only those initial recoil pulses are counted 

which are identified by a capture t pulse occuring within a specified 

time after the initial pulse. 

27 

Cleland has completed an evaluation study of such a detector 

employing Boron-10 capture for identification. Energies up to 1H Hev 

are considered and I 'onto Carlo sampling has been used to predict the 

efficiency and the energy resolution. A large volume detector employing 

28 

cadmium for a capture t pulse has been described by Heines et al. 
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This typo of instrument shows the most promise of being an 
efficient detector of high energy neutrons with good energy resolution. 

F . Summary 

The choice of a liquid scintillator for U3e in the neutron de- 
tectors in the n+p experiment was dictated by the following consider- 
ations: 

1. Since the number of events to be recorded was small, the 
efficiency of the neutron counter must be high in order that the 
running tine be minimised. 

2. The resolving tine for the detector system must be short 
in order to reduce accidental coincidences and to avoid pile up. 

This was especially important for the large counter since it was 
expected to have a high absolute counting rate of neutrons due to 
its size. 

III. STUDY OF LUGE "FS" NEUTRCIJ DETECTOR 

A. Description of n PS M 

Both counters employed as a scintillating liquid a mixture of 

3 grams p-terphenyl per litre of phenylcyclohexane . To shift the 

wave length of the light pulses to the higher spectral response 

region of the photomultiplier tubes (RCA 5819), *03 gram.3 per litre 

of Pilot Chemical Co. "Popop " was added. The physical properties of 

the solution were taken as: 

Chemical formula C^HcjC^Kjj 

Molecular weight 160.25 

Density (20°C) .9U)i grams/ml 
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The scintillating liquid is viewed from the back of the counter 
by nine FICA 5819 photonultiplier tubes. The tubes were counted in 
!i" holes in optical contact with clear plastic windows. The FS 
counter was constructed of thin gauge sheet steel (~ l/8") in the 
form of a truncated cone with an altitude of 5", back diameter 32", 
front diameter 22" (see figure 1). It was painted on the inside 
with titanium dioxide in wator glass solution to provide a diffuse 
reflecting surface to aid in light collection and uniformity of 
response . 

The high voltage of each tube was adjusted so that the gains 
of the photomultipliers were equal. The output signals from all 
nine tubes were added and fed to a cathode follower. The output 
of the cathode follower was fed to the circuit shown in figure 2. 

The FS was shielded from 'i rays and other background by a 3” lead 
house. Accidental counts were determined by "teeing" the neutron 
detector signal and passing it through a 57 meter delay line. (See 
figure 2). The delay, .3 yu seconds, was long compared to the re- 
solving tine of the circuit. The delayed signal was then fed 
through a separate coincidence channel with the "teed" signal from 
the proton counter. The delay channel neutron signal was operated at 
a lower bias than the true coincidence neutron channel. The number 
of accidental coincidences subtracted was given by the product of 
the number of accidental coincidences registered times the ratio of 
the true coincidence neutron singles counting rate to the singles 
rate of those in the delayed channel. 
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Figure Is The Flying Saucer Neutron Counter 
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Figure 2: Block Diagram of Electronics Circuit 

An energy determination of the proton events reouired a 
coincidence between, the front and back crystals of the 
proton counter. The output from the double coincidence 
circuit to scalers Pj and P-- -j- recorded the number of 
proton averts. The outout from the triple coincidence 
circuit to scalers and (N*-P)-q recorded the num- 

ber of n+p coincidences. The output from the triple 
coincidence circuit to scaler N-q*© was a measure of 
tho accidental n*-p coircidsnces. The other scalers 
were employed to measure singles counting rates of the 
various components. 
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3. Calculations 

1. Angular Resolution 

In the calculations, it is assumed that the FS counter subtends 
a greater solid angle than does the bean of neutrons coning from the 
target as a result of the photodisintegration of the deutcron. Only 
those neutrons that are coincident with protons counted in the proton 
telescope are considered. As will be shorn in the discussion concern- 
ing angular resolution of the small counter, this is a valid assumption 
in that the ratio of the solid angle subtended by the FS: solid angle 

of the beam is 1.56:1 for deuterium with the geometry employed. There- 
fore all of the neutrons coincident with protons counted enter the 
effective volume of the FS. 

2. Calculated Efficiency of the FS Detector 
a. Factors entering into efficiency 

'Ihe efficiency of the FS detector is given by the following 
expression: 



Efficiency (Bbias, E „> ^ 

«V(C)N C + <y T (m) N„ ' ' 

where <T e ff (H)* effective microscopic cross section for production of 
proton recoils from n-p scattering with energy ^ %ias 



CT e ff(C) = effective microscopic cross section for production of 

observable charged particles from carbon nuclear events 

®bias 



with E f. 



^C,^H = cumber of atoms/cia^ Q f carbon and hydrogen respectively 

(H)^ ^(G) 'total microscopic cross section of H and C respectively 
^ reciprocal seen path - N m + <y T (C) N c - 4- 

\ 

l e fZ - effective length of the counter 
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Hie efficiency of the counter is a function of the neutron energy 

(%), bias energy (~bias)» cross section, and effective length of the 

counter. In addition to these factors, it is a function of a geometric 

factor dependent on the effective cross sectional area of the counter 

and the distribution of incident neutrons over this area. There will 

also be a reduction in counting efficiency due to attenuation of the 

neutron beam by any shielding material. An analysis of the individual 

factors effecting efficiency is given in the following paragraphs. 

b. Effective Length, l e ff^ and. Wall Effects 

In a counter of finite length, recoil protons originating near 

the back of the counter nay strike the end of the counter before 

losing an observable amount of energy in the scintillator (i.e.. Bias)* 

Thus the effective length of the counter is the time length minus 

same average length for proton recoils to lose sufficient energy to 

produce a pulse larger than the bias setting. The loss of neutron 

counts due to the finite length of the counter is the sane for both 

counters. It ±3 a function of the bias applied to the neutron counter 

and the energy of the incident neutron. All biases are expressed in 

energy loss of an electron in the scintillator corresponding to the 

actual loss of the recoil protons. In view of the linear relationship 

between energy loss of an electron and pulse height this permits the 

use of a linear energy bias scale. Proton energy losses are converted 

17 

to equivalent electron losses with the data of Birks. Hie plots of 

* Similarly, in a finite counter some proton recoils trill strike 
the sidewalls of the counter before losing an amount of energy corres- 
ponding to the bias. It was not necessary to consider side losses in 
the calculations for the FS in view of the fact that the counter was 
much wider than the bean of incident neutrons. 
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election pulse vs energy loss and proton Pulse vs energy loss are 
assumed to be parallel above 15 Kev. 

The procedure for estimating end. losses was carried out graph- 
ically and is illustrated in figure 3- It consists of determining 
tho energy of recoil protons as a function of proton laboratory 
angle through the relationship Ep=. E^gos*"^^ (Figure 3a) * The 

distance required for a proton o' 1 ' energy Ep to lose the bias energy, 

29 

i- r bie.s> is. then determined freer, range-energy tables and plotted as 
a function of proton recoil angle . ( v igure 3b). This is actually 
a three dimensional plot in that the surface which is formed by the 
ends of these vectors is a surface generated by the revolution of 
the curve about the ^ o axis, lines are drawn on the plot per- 
pendicular to the beam axis representing the end of the counter for 
n-p scattering at various distances from the counter end. The fraction 
of recoil protons of energy ^ -bias striking the end of the counter 
before losing ^>i as is a function of fi counter and is given by 

frcoMnW o/<r ^ 



i 



u 



& 



where counter corresponds to the angle 



■'.-.’here the line representing tho end of the counter and tho curve of 
^bias diBt'Snc 1 ® vs </> intersect. is the proton angle at which the 

recoil proton energy Ep - E o ^ ag . The values of ^ for n-p scattering 
wer© obtained from Kelly et al and were represented analytically by 
a function - A* 6 where ^HLs the scattering angle in tho 

center of the mass coordinates. A plot of (probability of a neutron 



reaching a distance D without interacting) times (the probability of a 
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Figure 3» End Losses 



Figure 3a is a plot of recoil proton energy as a function 
of recoil proton angle for n-p scattering by 130 Mev 
neutrons . 

For each recoil protnn energy, the distance required for 
the proton to lose the bias energy, 31^ , is determined 

from range-energy tables. A plot of this distance, also 
as a function of proton recoil angle, is shown in figure 
3b. For a hypothetical "counter wall" at various dis- 
tances, x, from an n-p scattering event, the fraction of 
effective protons ( E ^ that strike the "counter 

wall" before losing ^bias 



is calculated 



«. • h*c : ’ r. I £ »• U 



L- i * v • Gi*n?i . n 4 r : l .unc J- . 

f. C r ' \-1 r*u- • •'•o> • • v "I * i V 

. Mm 

v ; J0-.JJI*- to v.+4'’j •*. . nAJc-'rr i -a»7 .&*• io r 

••*>1 oX «cXo~cj e.(j 

■'I ,•„ »• to o I' • .—It ' .i' .«-ejk'4.7 «>rt 

r-.c-i fi »*m. • *f ,*JV IXo • r> "oXcrr, o 'tol ►o'D^ i u> 

"t£b t:.rr : ♦. »v X 1 .- *Xf-w o 't o ’ IflnXX ••■Xoc , ;A * * T 0' . i£ 

lo f*oi &"• t J-~>ev9 f '"to ‘Xjob cr-rr ra* *o~* t t e»o X 

•j»X"cro^* sOX r .jKX ^ q 3 ) ' viXoa>l**s 

. • . f.-olrr- I g ^ *oI %-icVd' r< J7 iv 



ll'b 



130 MEV NEOTOONS 




Figure (3a) 




Figure (3b) 
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recoil proton losing in the counter without striking the counter 

end if it originated at D) versus distance in the counter was made, 
figure k. The point l ef |> at which the probability areas on the graph 
of figure h were equal was taken as the effective end of the counter, 
leff is shown on the graph. 

The values of ota and this whole calculation are for pure n-p 

~3T~ 

scattering. The contribution of energetic protons and deuterons from 

20,21 

the carbon is considerable and is taken into account in the calcu- 
lations (see behow) . Neglecting the carbon in the calculation of wall 
losses introduces no appreciable errors in that the carbon contribution 
is predominantly at lower energies. Ary error that is introduced is on 
the conservative side, that is slightly overestimating the end losses, 
c. Carbon Contribution 

Iho contribution of energetic charged particles produced by high 
energy neutrons interacting with the carbon nuclei present is appre- 
ciable. Kellogg has investigated the Cross Sections for Products of 

20 



90 Mev Neutrons on Carbon and results pertinent to this study are 
given in tabular form below: 



(S' 


VALUE (mill! -barns) 90 Mev Neutrons 


Carbon, Total 


5oit± 80 


Carbon J production 
of protons with 


Ep > 0 ^p > 20 Mev E p > 35 Mev 

173 1 15 85.3 £ 9. 2 57.5 ± 5. 


Carbon: production 
of deuterons with 


E d >o % >27 Mev 

90 H 0 26.H3.U 


Hydrogen, Total 


77 1 1.5 
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Figure hi 



1 e £f., Effective Length of the Counter 

A plot of P vs distance into the counter, D. P is defined 
as (probability of a neutron reaching a distance D in the 
counter) times (probability that a recoil proton, Ep '^oias 
will produce a light pulse >bias before striking the counter 
wall). The values of P plotted are for 130 Mev neutrons, 

10 Kev bias. is shown for a 3.0 Mev bias where the two 

shaded probability areas are equal. The value of l e ^ for 
a 20 and b$ Mev bias is shown for both counters. 
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In view of the non-availability of such cross sections at other 
high energies, the cross sections for production of energetic charged 
particles from carbon were assumed to be proportional to the total 
cross section, with anpropriats considerations of the energy scale of 

the charged particles. The total oross section for carbon at several 

7 

high energies has been measured by Taylor and Wood. 

d. Results of Calculations of F5 Efficiency 

A plot of calculated FS efficiency vs F)jj_ as at 1 * 130 Kev is 
given in figure $, The calculated values of efficiency vs neutron 
energy are given in Table 1. 

Since the counter was shielded by 3” of lead, the neutron beam 

- 2L(pfc>)3» 

would be attenuated to e * before reaching the counter if wll 

interactions in the lead removed neutrons from the beam. However 
this is not the casaj cone neutrons are scattered back into the counter, 
figure 5 includes one curve for total lead attenuation ~nd one curve 
for no lead in front of the counter. The effect of the lead is dis- 
cussed further in the next section. 

Co Experimental Investigation 

The apparatus was set uu as described earlier and shown in fig- 
ure 6. A DjO-HgO subtraction of n+p coincidences war made to determine 
the efficiency and characteristics of the FS by use of the photodisin- 
tegration of deuteriun. Accidentals were subtracted as described pre- 
viously. Fran kinematic relations the energy of the neutrons being 
detected was known to a small relative energy width, ±1?. 5 Hev. The 
response of the FS was determined to be uniform over its fane by use 
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Figure j?: Flying Saucer Sounter Efficiency vs Bias 

The experimental values are for 129 112. 5 Mev neutrons. 
The calculated values for 130 Mev neutrons are shown in 
the two curves. The upper curve is the expected value 
if there were no attenuation of the neutron beam in the 
lead shield. The other curve assumes that all neutron 
interactions with the lead remove neutrons from the 
beam. 
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Figure 6 s Geometry employed in experiments with Flying Saucer 

Neutron Counter 
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of a small radir*n source. The bias of the FS was determined absolute- 
ly by a radium if cut off. In view of the linear relation between 
electron pulse height and energy loss, this value could be extra- 
polated to our operating point which corresponded to a 6.1 Mev 
electron bias. The data taken on FS yielded the following infor- 
mation: 

a. Efficiency of FS vs (E^ = 260 Mevj E n = 129 Hev) com- 

pared with calculated values in figure 

b. Effect of distance of FS from target vs counting rate of n+p 
from lithium and oxygen (I^Q) • Figure 7 « 

c. Efficiency of F3 vs E^ (Ey = 2$0, 200 Mev; %i aS =: 6.1 Kev) . 
See table 1, page 19. 

D. Discussion of Results 

1. Efficiency of FS vs constant - 129 Eev 

Figure 5 shows clearly the correspondence between the cal- 
culated and experimental values for efficiency. The deviation from 
the calculated values is attributed to contributions from the lead 
shield. As is showui, practically all the neutrons that interact with 
the lead arrive in the counter volume as energy degraded neutrons. 
Hence at low bias there is probably no appreciable loss of counts due 
to lead attenuation; however, as the bias voltage is increased, the 
lower energy neutrons scattered from the lead are cut out rapidly and 
the experimental curve approaches the calculated curve representing 
completely effective lead attenuation. 
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Figure 7 ’ Ratio of rnp Counting Rates f ran IA and 0 as a function 

P 

of FS Distance fro;n Target 

The ratio of n+p coincidences to proton counts is shown 
as a. function of FS distance from target. The distance 
scale is in solid angle subtended by the FS at the cen- 
ter of the target. Tie actual distances in inches are 
noted above the solid angle coordinate* 

The predicted distance at which the ratio should fall 
to half the plateau value is shown on tho graph as 
0(£) end Li(^) . 

In both cases ^ V 129 Kov ,. eT 
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Figure 7 



2. Effect of FS Distance frora Target on n p from lithium and oxygon 
A plot of n p coincidences vs FS distance from target is given in 

figure 7. This plot shows the effectiveness of the large solid angle 
coverage by the V S. The solid angle subtended by the median plane of 
the counter at the target center is shown as absissa underneath the dis- 
tance scales. The angular distribution of the coincident neutrons from 

30 

Li and 0 was determined with the small counter, see H. Wilson’s thesis. 
From these curves we would expect the counting rate with the FS counter 
to have the gross features shown in figure 7, namely a plateau at large 
solid angles and a fall off starting when the solid angle no longer con- 
tains the entire neutron distribution. One can try to be quantitative 
by comparing the value at which the FS counter should count one half of 
its plateau counting rate with the width obtained on the small counter. 

Such a comparison requires a knowledge of the curve shape. A theory for 

31 

the curve shape has been proposed by Wattenberg. A fairly good quant- 
itative check is obtained by assuming the curve is a Gaussian which 
should be weighted by the solid angle. The predicted half value points 
are indicated in figure 7. Their agreement with the experimental values 
is considered satisfactory in view of the assumption being made. The 
plateau of the lithium curve extends to greater FS distances than the 
oxygen plateau. This is a confirmation of the values obtained for the 
angular half widths with tho small counter, see reference 30. 

3. Efficiency of FS vs Neutron Energy 

Table 1 3hows the correlation between the calculated and experimental 
values of FS efficiency as a function of neutron energy. 
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The increase of efficiency with increasing neutron energy can 

be attributed in pert to the effects of the 3 H of lead shielding the 

FS. The cross section for neutron interactions with lead (above 

6 

resonances) is flat out to approximately 90 Kov. It falls in the 
energy interval from ~90 to lhO Hev where it again becomes flat. 

This effect tends to cancel out the lowering of efficiency due to the 
decrease in cross section for production of energetic charged particles 
in the scintillator at higher energies. 

At neutron energies of 70 and 78 Hev the experimental value of 
efficiency approaches that value obtained for the lead being completely 
effective in removing neutrons from the bean. At the higher neutron 
energies, 129 and 171, it approaches the value calculated for no lead 
attenuation. 

A further factor leading to an increasing efficiency with in- 
creasing neutron energy is the effect of the carbon nuclei present in 
the scintillator. The cross section for the ejection of energetic 
charged particles from the carbon nuclei by fast neutrons is a greater 
fraction of the total cross section at higher energies. 



TABLE 1 Efficiency of FS Counter as a Function of Neutron Energy 

Neutron Bias 6.1 Hev 



hev 


^neutron 

Hev 


Experimental 
Efficiency % * 


Calculated Efficiency — % 


3" it* Shield** 


Ho Fb Shield 


200 


70 


5.79 * .75 


li.10 


13.2 


260 


78 


5.b6 ± .50 


3. hi 


11.0 


200 


99 


7.8 ± .87 


3.U3 


10.1 


260 


99 


6.U9 ± .56 


3»h3 


10.1 


260 


129 


8.1U ± .50 


h.10 


9.7 


260 


171.6 


8.15 * .93 


3.97 


8.05 



* Defined as n+p from deuterium 
P 

** All Fb interactions assumed to remove neutrons from bean. 
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IV. STUDY cr SMALL, "LITTLE NLTJT", WEJiHOR DLTLCTOH 

A. Description of "little neut " 

"Little neut" was constructed of clear plastic in the chape of 
a cylinder 12" long by U" in diameter (see figure 8). light from the 
scintillating liquid was funneled to the photosensitive face of a 
single RCA 581 9 phototube by s. snail truncated cone of lucite. The 
lucite was in optical contact with the end of the counter and the 
face of the phototube. 

"Little neut" was shielded from background radiation by 2" of 
lead in front of the detector end a cylindrical lead house 1 1/8" 
thick surrounding the counter. "Little neut" was fillod with the 
same liquid scintillator as the V S with the exception that no "Popop 
Ties added. This decreased the response time of the scintillator by 
a factor of ~8j however the pulses obtained were smaller in nagnitude 
The physical properties of the scintillator remained identical with 
those of the FS. 

Accidental n+p coincidences were handled in the same manner 
as with the FS. 

B. Calculations 

1. Angular Resolution 

a. Finite width of the counter, side wall losses 

Scene of the neutrons entering the counter will produce energetic 
charged particles near the side walls of the counter. A fraction of 
the charged particles so produced will strike the side walls of the 
counter before travelling far enough to lose an energy corresponding 
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Figure 8 
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to the bias. Some criteria trust be established to estimate the 
effective volume of the counter which is lost due to these events. 

This calculation is illustrated graphically in figure 9 and is similar 
in many respects to the calculation of end effects in the FS. The 
wall of the counter was approximated by a plane. The criteria estab- 
lished was as follows i That distance, x, from the counter wall can 
be assumed ineffective where $0% of the recoil protons from n-p 
scattering that scatter to one side of the median plane will strike 
the wall of the counter before losing an energy corresponding to a 
given bias. Therefore the effective r&dius of the counter is equal 
to R corn ^ er (2") minus x. Where x is a function of bias and neutron 
energy. Disregarding tho carbon contribution here (ns is discussed 
for end effect of FS) results in. slightly overestimating the Volume 
of the counter lost due to side wall effects. For 130 Mev neutrons 
and 10 Mev bias, x is O.U cm. 

b. Effect of Finite Width Target and Target jingle 
(l) Statement of problem 

Since the deuterons that undergo photodisintegration are at 
rest initially in the laboratory, the neutron-proton pairs arising 
will be ejected back to back in the center of mass coordinates. Thus, 
for a given i ray, the angle of the neutron i3 determined if the angle 
at which the proton is ejected is known. The proton detector is well 
defined spatially and the energy spread of protons accepted leads to 
a very small deviation from the angle between the neutron and proton 
of the pair corresponding to the median energy proton accepted. It is 
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igure 9‘- Side ’Jail Losses 



Side wall losses are treated in a manner similar to the 
end losses. plot of distance for a recoil proton to 
lose the bias energy (lOHev) vs proton recoil angle is made 
for S neutron = 130 Kcv. (Figure 9a). Our plot need only 
be in two dimensions sinco the locus of these points is 
symmetric about the axis of t v e neutron beam. A set of 
parallel lines are drain parallel to t v e -nxl! the 
counter. Two are shown in the f .igure at distcnc's A and 
A 1 from the freea axis. Hie fraction of effective recoil 



This fraction is spread uniformly about the beam axis. 

Looking down the bean axis in figure 3b, the counter wall is 
positioned by trial and error. With the counter wall at x, 
the fraction of f striking the wall before losing E- D ^ as 
is . The Toro of counter radius is given by that value 



Where the summation is over all the segments cut by the 



protons losing 3 between these lines is 





parallel lines. 
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Figure (9b) 
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therefore assumed in this section that the angle between ejected neutron 
and proton from deuterium is constant for coincident protons counted 
by the proton counter (i.e., for a given proton angle and energy). Thus 
if a point target were used, the solid angle defined by' the proton count- 
er would be reflected in an equal solid angle (at 90° in center of mass 
coordinates) bean of neutrons arising from the photodisintegration of 
D. The angular resolution of the experiment would then be simply the 
angular resolution of the neutron counter. Use of a target of finite 
dimensions and at an angle to the bremsstrahlung beam results in focus- 
ing and defocusing effects that are investigated by numerical methods 
in this section. 

(2) Numerical Analysis 

(a) Assumptions on which numerical analysis is based: 

1. Angle between neutron and proton ejected is con- 
stant over the range of angles included in the proton counter. 

2. Bremsstrahlung beam intensity is a Gaussian shape 
(radial symmetry) clipped by the edge of the collimating system at the 

maximum value point (this is a very good assumption for the II. I. T. 
Synchrotron beam). See figure 10a. 

3. Finite thickness target can be approximated by 

a plane target. 

h. Loss of neutron counts due to width of counter, 
figure 10c, can be treated independently from the loss duo to height 
of counter. Figure 10b. 
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(b) Method of Analysis 

The cross section of the bremsstrahlung beam (2” in diameter 
at the target) was divided into .2” squares by a grid of perpendicular 
lines. Each square was assigned a number proportional to the -intensity 
of the bremsstrahlung beam at the center of the square. This number 
is assumed to be proportional to the number of neutron and proton pairs, 
(n+p) ij, formed in this square. Where i and j refer to its coordinates. 

To compute the fraction of the neutrons entoring the effective 
volume of the counter due to dispersion in the vertical direction, lines 
joining the center of a square and the vertical extremities of the pro- 
ton counter were extended to intersect a line perpendicular to the 
neutron counter axis erected at the center of the counter. Consult 
figure 10 for calculation of a typical squaro. The ratio of the length 
of the line segment of the perpendicular to the counter subtended by 
the vertical height (effective, corrected for side vail losses) of the 
counter: the length of the segment of this same line that lay between 

its intersection with the extended lines through the center of the 
square was determined for each square. This ratio, (fv).y, is assumed 
to be the fraction of neutrons from the square that arrive in the 
effective volume o'' the counter due to divergence (losses) in the vert- 
ical direction. Losses due to angular divergence in the horizontal 
plane due to the finite target were calculated as is shown in the plan 
view shown in figure 10c. The target length was divided into ten equal 
segments. The projection of these segments on the plane perpendicular 
to the beam axis was equal to .2“, the size of the grid dividing the 
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Figure 10s Geometric Efficiency factor 

Figure 10a shows the assumed intensity of iho 
brans strafalung beam as a function of radius. It 
also show's how the trrgtt was divided auto square" 
(ntp)^ by % grid located in a plane perpendicular 
the brens3trahlung bean. 

Figure 10b shovjs the fraction of (at|)^ that »nt«r the 

effective volume o'* the counter due to divergence in 

the vertical direction. This fraction is equal to the 
/ 

ratio of the length of line segments AB . . 

_ AC 

Figure 10C shows the fraction, 0 f (n+p), that en^er 

RT J 

the effective volume of the counter due to divergence 
in the horizontal direction. 

Figure 10 is not to scale and is exaggerated to show 

clearly what effects are being considered. 

1 
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breins3trahlung bean. A line was dr aim from the center of a line 
segment to one extremity of the proton counter. Mother line was 
dr a™ at an angle to the first line equal to the angle between the 
neutron proton pair of the median energy proton accepted. This sec- 
ond line was extended to intersect the perpendicular bisector of the 
neutron counter as before. A second pair of lines was constructed 
for the other extremity of the proton counter. As before the ratio 
of the perpendicular bisector contained in the effective counters 
length of the perpendicular bisector between the two lines origin- 
ating at the proton counter was assumed to be the fraction, (f^)^ 
of the neutrons originating in that segment that entered the effect- 
ive volume of the counter due to divergence in the horizontal plane. 

What could be termed a geometrical efficiency factor is then 

given by the summation . . (£). . Uj. divided by z (h*p ). . 

A i A j A X J A J 

where the summation is over all the squares. 

An analysis with the neutron counter at several angles was 
carried out for one proton energy and is shown in figure 11. 

2. Calculated "Observed" efficiency of "little neut" 

a. Efficiency of the counter 

The calculation of the efficiency of the small counter is 
carried out in the same manner as for the F3. The same techniques 
were employed in computing end effects. Since the physical com- 
position of both liquid scintillators was the same, carbon contrib- 
ution and cross sections were identical. 

b. "Observed" efficiency of "little neut" 

The experimental method employed in determining the observed 
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Figure 11s Angular Resolution of n»p events from Deuterium vrith 
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“Little Meat" 



The crperiwental points were obtained from a DpCML>0 

subtraction. E^* S =• l29Kev, 1^. # = 10, >1 Kev. 

The curve is the calculated values of n+p r 0 r 130 Kev 
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efficiency of the counter depended on a DgO’S^O subtraction, as is 
explained in detail in paragraph V,A. This method assumes that the 
difference between the number of protons (of proper energy) counted 
from D2O minus those from. HgO were protons occurring as a result of 
the photodisintegration of D. In order to compare the calculated 
"observed" efficiency with that obtained experimentally it is nec- 
essary to multiply the neutron counter efficiency obtained above by 
the fraction of coincident neutrons that enter the effective volume 
of the counter, paragraph IV, 3, l,b. A further correction is nec- 
essary to account for the attenuation of the neutron beam in passing 
through any shielding material. Thi3 is discussed further in the 
section on experimental results. A plot of calculated "observed" 
efficiency vs bias for 1^ = 130 Mnr is given in figure 13. 

G. Experimental Investigation 

The experimental setup for the study of "little neut” is 
shown in figure 12. A3 with the FS, the photodisintegration of the 
deuteron, as obtained from a subtraction, was used a3 a tool 

to investigate the characteristics of "little neut". Accidentals 
were treated in the same manner as they were for the FS. The response 
of the small counter was determined to be uniform over its entire 

fa 

length by the use of a saiall Go source of t rays. An absolute value 

for the bias of "little neut" was obtained utilizing the 1.3 Kev Y ray 

60 

from Co for a cutoff determination. The bias at the operating point 
corresponded to a 10. U Kev electron pulse. The data taken for "little 
neut" yielded the following information! 
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Geor.otry employed. in corperiments 't-rith “Little Neut" 
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1. Angular Resolution of the locperinent 

The angular divergence due to a finite width target was not 
separated from the undettainty in angle due to the finite size counter. 

A plot of the angular resolution of the D-photodisintegration exper- 
iment is shox-m in figure 11. The data employed for the experimental 

29 

points is listed in II. Wilson's thesis. The ratio of m-p events to 
protons, n+£ f from deuterium is plotted as a function of neutron 
counter angle. The proton energy was 129 ±12.5 1-fev. The median 
neutron energy was 129 Nov, median neutron angle 76°, i.e., 90° in 
the center of mass coordinates. 

2. The relative efficiency of "little neut" as a function 
of bias for 3^=129 Her as determined expe r inent ally is shown in fig- 
ure 13. 

D. Discussion of Results 
1. Angular Resolution 

A calculation of the angular resolution of "little neut" employing 
the methods described in section IV, B was carried out for the following 
conditions : 



E^ =260 Kev 


®p (avg) = 76° 




Dp = 129* 12.5 Mev 


0 n (avg) = 76° 


- 


% = 129 — 12.5 Hev 


e p * =0 rt? = 90° 


(center of 
mass coordinates) 


(Neutron) = 10 Mev 


2" of Fb in front of 




"little neut" 
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Figure 13* "Observed" C’fieicncy of* Little Feut vs Bi^s 

The calculated "observed" e" "icier cy of "little neat " 
as a function of bias for E n = 130 liev is given by 
the curve. 

The experimental points are the ratio of n+p coin- 
cidence counting rates to proton counting rates, 

m P , from DgO. These values arc normalised to the 
P 

value of .0529 which wa3 the calculated value for 

* 10 I lev at the peak of the resolution curve. 

E = 129 Lev. 
n 
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The curve of figure 11 shown the results of this calculation. 

The ratio of expected true coincidence counts to proton counts, ntp 

P 

from deuterium is shown as ordinate a3 a function of the angle, @ n , 
between the neutron counter and the brenmstrahlung bean. The curve is 
normalized to the value obtained in paragraph 2 of this section for 
the "observed" efficiency at 9 n = 76°. The other calculated points 
on the curve were obtained by applying the appropriate geometric 
efficiency (paragraph IV B l,b) for other values of 9 n as given in 
the fallowing table: 

9 n 62° 66° 71° 73.5° 76° 78.5° 81° 86° 91° 

Geometric Efficiency.00 .052 .31k »U76 .527 .k72 .339 .0785 .00 

The agreement between the experimental v allies and the calculated 
curve, figure 11, is excellent. 

Since the neutron counter subtends such a small solid angle, most 
of the elastic scattering events in the lead will scatter neutrons out 
of the counter. In the calculations it was assumed that the lead in 
front of the counter was completely effective in removing neutrons 
from the been. Our assumption concerning the lead is not completely 
valid. Same of the neutrons that are initially headed for the counter 
and are scattered still enter the effective volume of the counter. 
Furthermore, since the beam of coincident neutrons from tho target is 
wider than the small counter, some of the neutrons not originally 
headed for the counter will be scattered into the counter by the 1 1/8" 
thick lead cylindrical shield surrounding the counter and produce 
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coincidence counts. To investigate this e^-fect, the increase in n+p 

-pf- 

events from lithium due to an additional ?" of lead surrounding the 
small counter was measured. Since the angular width the coincident 
neutron beam is much wider for lithium than for deuterium, the effect 
was much larger than for deuterium. The ratio o 5 ' the solid angles 
subtended by the lead for (cylindrical shield plus 2" additional)* 
(cylindrical shield) was 5*1* The relative increase in n+p events 
for this condition was l.Usl. This factor accounts for tho exper- 
imental values being larger than the calculated values for 8 n near 
the extremities of the distribution. It also shows that the contri- 
bution o~ neutrons scattered into the counter from tho lead shield 
normally employed was small. 

2 . Efficiency of "little neut" 

The efficiency of both counters depends on a subtraction of 
counts due to DgO minus those from HgO. Hie n+p coincidences from 
HgO must be entirely due to the oxygen. Hie DgO and HgO targets 
were irradiated for equal flux-times under the same conditions. 

(The HgO target was 1.02 times thicker than the DgO target and in all 
subtractions the appropriate corrections are made.) The quotient of 
(number of n+p events from DgO minus those from corrected H 2 O) divided 
by (the number* of protons observed from D 2 O minus those from corrected 

HgO), i.e., An+p f would give directly an experimental value of the 

Ap 

counter efficiency if the neutron counter subtended a sufficient solid 
angle to include all the neutrons. Since this is not the case for 
"little neut", an appropriate correction for the loss of neutrons due 
to the geometry employed must be made in order to compare predicted 
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n»P with those obtained experimentally. The geometric 

P 

correction is considered in the section concerning angular resolution 
of "little ncut ” . 

'’or convenience we trill ne'er to the ratio of n+p events to p 
events fron dcuteriun as the "observed" cf.iciency. Trie ef'-lcieucy 
of the proton counter is ~100;*. Tie calculated "observed' 1 efficiency 
is a function of three factors: (l) counter efficiency, (2) geo- 

metric efficiency factor, (3) attenuation of neutron been d=ie to 
shielding. 

For the conditions given in the preceding paragraph the calcu- 
lated numerical values obtained for the "observed" efficiency at 
t\ e maximum value were : 

0.183 x 0.527 x 0.5H8 = 0.0529 

(calculated counter (geometric (attenuation ("observed" 

efficiency) efficiency) factor) efficiency) 

The rgreement between the calculated values and experimental 

absolute values, which is shown in figure 11, is good, figure 11 

is actually a plot of "observed" efficiency vs neutron counter angle. 

A comparison of calculated and experimental "observed" efficiencies 

of "little nsut" vs neutron bias for a neutron energy of 130 Kev is 

shown in figure 13. The experimental points arc the ratio of the 

counting rate of n+p coincidences to the counting rate of proton events, 

n+p , from B ? 0. The experimental values are normalized to the calcu- 
P 

lctcd value of "observed" efficiency obtained for a bias of 10 Ilev. 
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V. CONCLUSION 



A. Efficiency 

The efficiency is obtained from experimental data by talcing 
the ratio of n+p coincidence counts to (single) proton counts frcci 
deuterium. Hie denominator of this ratio is a snail difference 
between tiro large numbers (protons,-,^ — protons^Q). This is an 
unhappy situation in that It yields a final experimental result with 
large statistical uncertainty. In view of the consistency of the 
calculated efficiencies compared to those obtained experimentally, 
it is felt that the calculated values are probably as reliable as 
the experimental values. The reliability of the calculated values 
is of course dependent on the accuracy with which the neutron cross 
sections employed in the calculations arc known. 

The experimental determination of efficiencies should be re- 
peated with the liquid deuterium target when it becomes available 
to remove the ambiguity associated with the subtraction method. 

If this were done the experimental results could be made more re- 
liable than the calculations. 

B. Angular Resolution 

The data on the angular resolution is good. The agreement 

between the calculated values and experimental points in the case 

of "little neut " supports our confidence in the reliability of 
angular distributions obtained with the use of "little neut". Care- 



ful curve shapes of differential cross section can be obtained with 
"little neut" and are given in references 5 and 29 for several differ 
ent target nuclei. 
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C. Abaci'! to T-lwjr 

T n r-'ryxr to C 'r.-,--., ■’'■^r o v- tci^e^ ir d ’ " ‘crnr 1 e—^ ~ ,4v, en* , s 

o'” br r'i * foment detectors o*y roods to koo*: t'-e s b30l nte Trine- o*’ 
the efficiencies o'" the detectors on -loped. r£n t v e mnlyaria of 

the angular foensior «rd defocising of turrets oerforved in -*>13 
thesis one cm bbt-dn cnp« rirtent all r the e 4 '"' cimey r -f detectors 
frar. the d'ta on th- phot odi rdntcgrr ti on o'' *hc deuterou. 

One hoe rmch norc confidence in the e:roe?inentai.ly obtained 
values of the efficiency if one can ertin-te the efficiency r rm a 
knowledge o r the fundan«itA nr clear reactions involved . It is 
therefore very satisfying to find that there ic e^recnent in the 
values of the efficiencies obtained ern "rinentally and the values 
calculated. The ercellenco c*' the agroenent ‘‘or the email counter 
(shown in figure 11) to cor to ertent mist be fortuitous . 

D. Suwnory 

This thesis has attempted to clarify the factors involved, in 
ms-surirg or calculating the officio ncy of high energy neutron de- 
tectors. The more important of those factors and their interplay cm 
one another aro listed i 

1. Target oisc raid settings car. ecus® focusing nd de / *oc' , »in.g 
effects in coincidenco ncssurenente. 

2. The lead shielding in front of a small counter ottenu-tes 
the neutron beast but way not do so on a largo counter dcnan-ling on 
the bias employed. The lead shielding on the side of a counter is 
not too important if it ip kept thin, its stain effect is that it adds 
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a small tail to Che a&gular resolution of c. detector. 

3. The star and s> -11 at ion "jragnents "rooi carbon in the scint- 
illating liquids contribute an increasingly larger frrct-’or o r tie 
events observed as one lowers tie bia^ of the detector. 

it. The efficiency as a func'.ion o'* the discriminator bi-\s defends 
upon the size of the neutron counter. In a small counter the efficiency 
is much more readily predictable as s. function of Mas. The simple 
dependence expected from, isotropic proton recoils doss not hold at 
these high energies because of factors 2 and 3 discussed above. 

5. The efficiency as a function of the energy of the neutrons 
has not been satisfactorily predictod. Ilore information is needed 
concerning variation of the number of star and spallation fragments 
as a function of neutron energy. Additional information is also needed 
on the various differential cross-sections of neutrons on lead. 

In future experiments or. detector’s, the efficiency should not 
be determined by a subtraction method. 
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